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Abstract: Several studies have shown that European police crash reports provide different detail
degrees of work zone crash-related data. In this sense, the present study aims to verify the possibility
of identifying significant risk factors involved in the occurrence of road work zone crashes with
casualties, based on the official data usually available, through a descriptive, binary logistic, and
probit regression statistical analysis. To accomplish the analysis, a total of 2597 police-reports related
to 1767 Portuguese work zone crashes that occurred during the 2013–2015 period were considered and
binary logistic and probit regression models were estimated by the main type of crash, contributing
factor, and driver age group. Fifteen explanatory variables, selected based on the literature review
and crash data provided in police crash reports, were considered in the analysis. The results obtained
for the estimated coefficients and goodness-of-fit test values were found very similar for both link
functions (logit and probit) and it was possible to identify risk factors. The modeling results pointed
to excessive speed, disregard for vertical signs, luminosity, intersections, and motorcycle and heavy
vehicle involvement as the most significant risk factors. Given the results, it is possible to conclude
that binary logistic regression can be used in the statistical analysis of the available police official
work zone crash data to identify and get some insight into the risk factors involved in work zone
crashes. Data analysis also revealed the need to promote adequate and complete crash report filling
by police officers. While police crash reports are not revised and standardized to incorporate more
detailed work zone crash information, this approach can be used to support a more efficient road
operation decision making and the review of some aspects related to work zone layout design.
Keywords: road safety; work zone; police crash reports; crash data; logit and binary logistic regression
1. Introduction
The road infrastructure is an essential component of a country’s development. To
maintain its quality and safety standards, maintenance and reconstruction actions are
needed. The performance of such actions makes it necessary to study the impact that
roadworks may have on crashes as work zones change locally and temporarily the traffic
conditions offered to drivers (lower speeds, presence of work equipment and workers,
narrow lanes, changes in vertical and horizontal signs, etc.). These changes in traffic
conditions may cause the occurrence of serious crashes and casualties, requiring additional
attention from drivers to adapt themselves to the new driving conditions.
Several studies like the ones performed by Ullman et al. (2006), Meng et al. (2010),
Silverstein et al. (2016), La Torre et al. (2017), and Ambros et al. (2020) concluded that the
probability of serious accident occurrences at road work zones is higher than those outside
these areas [1–3] and that an increase in the expected crash frequency during the time
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a work zone is installed is verified when compared to the crash frequency in the before
period [4,5].
A review of the road safety literature revealed that vehicle-vehicle angle, rear-end and
run-off-road crashes, and vehicle running over a pedestrian (including road workers on
foot), are the most common types of crashes in work zones [6–10]. Most of these crashes
involved vehicles running straight and some of the most significant contributory factors
are excessive speed for the road conditions, the presence of an unexpected obstacle on the
road, and the disregard for traffic control devices and signs [6,10–13]. Most of the involved
drivers belong to the middle age group (25 to 64 years) and the crash consequences are
essentially slight casualties, being the run over pedestrians in zebra crossings and workers
on the road the main action related to the pedestrian victims. In most cases, a more
significant monthly period can be identified in the warmer months of the year, chosen
for carrying out roadworks (climatic conditions allow for more effective and durable
results); the presence of a police officer is pointed as a favorable factor (decreases the crash
occurrence probability) [7,11], and the involvement of heavy vehicles is common [6,8,11,13].
Although in most countries the information available on work zone crashes is still
scarce, it is generally possible to determine its representativeness in the total number of
crashes. For instance, the European data used in the project FORMAT (FORMAT—Fully
Optimized Road Maintenance), dated 2005 and which counted with the participation of
20 organizations of 14 European countries, including Portugal and the United States of
America, revealed that work zone crashes represent about 2% of all road crashes [14]. When
considering only the highway networks this value may reach 5% of total crashes. Similar
values (2 to 3%) were also found in an earlier European project, ARROWS (ARROWS—
Advanced Research on Road Work Zone Safety Standards in Europe) [15]. Both projects
conclude that the official data stored by the participating countries present varying degrees
of inconsistency and most do not include important information needed for adequate
analysis and modeling support.
In line with these project findings, an analysis of several police crash reports with
work zone related fields was carried out (from Canada, USA, Portugal, Spain, Italy, and the
United Kingdom) [16–23] and revealed the existence of different degrees of detail in the
work zone related information collected for statistical purposes. All the analyzed reports
record data on the existence of road work zones, obstacles on the pavement, and casualties
related to pedestrian workers on the road. The use of temporary road signs is not clearly
reported in Portugal and the U.K., and the use of reflective material by workers on the road
can be registered in Portugal, Spain, and Massachusetts (USA).
Table 1 presents the specific information that should be considered in the structure of a
work zone safety database to allow an in-depth analysis of this type of crash [14,15,24–28].
As identified in several European projects and by the authors, only part of that information
is collected in most of the police crash reports in use. Information related to work zone
type, duration, size, layout, operation, and crash location in the work zone is still scarce
or nonexistent.
Even with the limitations mentioned, a statistical analysis approach of the available
official data can be considered to verify the possibility of detecting risk factors involved in
work zones crashes.
As the occurrence of crashes can be expressed as a binary variable (occurrence/non-
occurrence) and they are affected by various factors, several authors have used binary
logistic and probit regressions as a suitable statistical method to address the related vari-
ables and explain the impact of factors on the occurrence of crashes [27,29–31]. This
approach can be applied to the current work zone collected data to assess the relationship
between the probability of the occurrence of crashes and explanatory variables.
In this sense, this study aims to verify the possibility of identifying, based on the
official crash data currently available in most statistical bulletins, risk factors with impact
in work zone crashes and to compare the results provided by two statistical methods. To
achieve this goal, binary logistic and probit regressions were considered suitable statistical
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methods to adopt to develop prediction models by main crash type, contributing factor,
and driver age group.
Table 1. Information for analysis of crashes in work zones.
Topic Field Crash Report
Type Construction, reconstruction, maintenance Kentucky (USA)
Duration Long-term, short-term, mobile ***
Size Length of work zone ***
Work zone layout Lane narrowing/closure, diversion/detour,contraflow/crossover, alternative one-way traffic United Kingdom (*)
Work zone location Intersection, shoulder/roadside, median,footway/bikeway, tramway All
Speed Temporary speed limit Portugal, Spain, British Columbia(Canada)
Traffic control devices employed Traffic signs, traffic markings, traffic lights,variable message signs (VMSs), other
Portugal, Spain, Kentucky (USA), Texas
(USA), Massachusetts (USA), Italy (**)
Other road equipment
Closure equipment, warning equipment, guiding
equipment, protective equipment, road reflectors,
speed reducer bumps, other
Massachusetts (USA)
Enforcement/Publicity Police presence, electronic devices/cameras, trafficinformation, other
Spain, Kentucky (USA), Texas (USA),
British Columbia (Canada)
Work zone operation In operation, not in operation, in process of beingassembled/disassembled, abandoned ***
Crash location in work zone Advance warning area, transition area, buffer zone,activity area, termination area ***
Notes: * mention to temporary road layout; ** in most cases only work zone presence signs; *** Several crash reports, such as those used in
Spain, the United Kingdom, Kentucky, Texas, Massachusetts, or British Columbia, include a specific field for a sketch, accident description
or contributory factors (with the option "work zone" or similar). This field can be filled with information about the work area and crash
characteristics, but there are no specific instructions about the type of information to be registered.
2. Method
The present study relies on the analysis of the official data related to work zone crashes
involving casualties (fatal, serious, and slight) that occurred in mainland Portugal between
2013 and 2015 (not including the Azores and Madeira islands). The data, collected from the
police crash reports, was provided by the Portuguese National Authority of Road Safety
(ANSR) [32] and organized within the scope of two master’s dissertations completed at
the Department of Civil Engineering and Architecture of the University of Beira Interior
(Portugal) [33,34]. The database that resulted from these studies was used in the scope of
this research to assess the possibility of identifying risk factors associated with road work
zone crashes from the information recorded in police crash reports.
Figure 1 shows the evolution of the number of work zone crashes in Portugal for the
years considered in the analysis period. It should be noted that the decrease in work zone
crashes does not necessarily mean an improvement in work zone safety. This is more likely
to be related to the lower investment in Portuguese road construction and maintenance
sectors verified in the period considered.
The data, organized for the diagnosis of the main aspects related to work zone crashes,
allowed the identification of the most frequent types of work zone crashes and main
contributing factors (descriptive analysis). Three driver age groups were also defined and
the set of explanatory variables to be used in the statistical analysis was established.
With this information binary logistic and probit regression models were developed to
identify the most relevant risk factors associated with the occurrence of work zone crashes
and to predict its probability. The modeling analysis was performed using SAS/STAT®
software (13.2, SAS®Institute Inc., Cary, NC, USA) [35] and IBM SPSS® Statistics software
(24, IBM Corp., Armonk, NY, USA) [36].
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Figure 1. Evolution of the number of crashes in Portuguese road work zones.
2.1. Crash Data, Descriptive Analysis, and Variables Selection
In Portugal, work zone crashes are recorded together with the crashes that occurred
due to the presence of obstacles on the road pavement. The information is recorded in a
specific field of the police crash report named “obstacles or roadworks areas” [20].
The data organization process revealed that the indication "Not set" was registered in
this field in a significant number of reports, corresponding to a non-filled situation (22.1%
of the crashes over the analysis period). Without this information, it is not possible to
conclude whether the crash occurred or not in a work zone or due to the presence of an
obstacle on the road pavement. To improve the reliability of data and results, these records
were deleted from the database, and only correctly filled reports were considered in the
analysis, corresponding to 1767 crashes.
Subsequently, two work zone crash datasets were structure. In the first, the infor-
mation was organized by the crash and used for modeling the type of crash and main
contributing factors (1767 crashes). Since the Portuguese official data does not identify the
responsible driver for the crash occurrence, the second one was organized by the driver in-
volved in the work zone crash and used for the age group modeling (2597 records/drivers).
This aspect should be taken into account when interpreting results.
Following the data selection, a diagnosis of the main aspects related to work zone
crashes were conducted to identify the most frequent type of crashes, the main contributing
factors, and the distribution of drivers involved by age group (dependent variables). The
main results obtained in the descriptive statistical analysis that supported the selection of
the dependent variables are shown in Table 2.
Of the 17 types of crashes recorded in the Portuguese police crash report, those
presented in Table 2 were the most frequent. However, with percentages between 8 and 10%
of all work zone crashes, it is still possible to highlight the collision with vehicle or obstacle,
the run off road without containment device, and the run off road with collision (with
immobilized vehicle or obstacle). Regarding the contributing factors, the low percentages
verified are related to a high number of non-filling situations confirmed for this field report
(for 71.7% of all drivers), which limits the quality and the interpretation of model results.
Despite this fact, the obtained results are very similar to the ones found in the reviewed
literature [6–8,11,24,29].
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Table 2. Descriptive statistics of the dependent variables.
Crash Type % of WZ Crashes Contributing Factors % of WZ Crashes Driver Age Group % of Drivers Involvedin WZ Crashes
Run off road (simple) 13.1% Excessive speed 6.3% Under 25 years old 13.8%
Pedestrian 12.6% Unexpected obstacle(for at least one driver involved) 8.3% Between 25 and 64 75.1%
Angle 11.9% Disregard for vertical signs(for at least one driver involved) 2.9% Over 64 years old 11.1%
Rear-end 10.8% Disregard for safety distance(for at least one driver involved) 2.8%
Others 51.6% Others 79.7%
Note: WZ means work zone.
A descriptive statistical analysis of the remaining data was also performed to support
the selection of explanatory variables. Based on previous studies on the identification
of work zone risk factors, available data, and descriptive statistical results, the fifteen
explanatory variables presented in Table 3 were chosen and used in the risk factors identifi-
cation analysis.
Table 3. Descriptive statistics of the explanatory variables used in models and assigned binary code.
Variable Description % Yes(1)
% No
(0)
Urban The crash occurred in an urban environment (not rural) 73.5% 26.5%
HV involved At least one heavy vehicle involved 7.2% 92.8%
Moto involved At least one motorcycle involved 25.5% 74.5%
Driver action Before crash, at least one driver involved was running straight 75.1% 24.9%
Excessive speed Before crash, and for the prevailing conditions, at least one driverinvolved exceeded speed 6.3% 93.7%
Obstacle Unexpected obstacle on the road (for at least one driver involved) 8.3% 91.7%
Vertical signs At least one driver involved disregarded vertical signs 2.9% 97.1%
Safety distance At least one driver involved disregarded safety distance to thevehicle ahead 2.8% 97.2%
Speed limit Posted speed limit ≥ 90 km/h (high standard dividedroads—freeways) 7.2% 92.8%
Intersection The accident occurred in a road intersection 25.8% 74.2%
Horizontal design The road horizontal geometric design is straight (not curved) 73.8% 26.2%
Vertical design The road vertical geometric design is level (notupgrade/downgrade) 64.2% 35.8%
Pav. Grip conditions Clean and dry pavement (not with ice, snow, mud, gravel, sand, oil,or wet). 66.7% 33.3%
Luminosity Good luminosity conditions—daylight (not dazzling sun, dawn,dusk, or night) 68.7% 31.3%
Weather Clear (not rain, strong wind, fog, snow, smoke, or hail) 79.2% 20.8%
The literature review also revealed that several binary logit/probit regression crash
studies consider dichotomous explanatory variables [29,30]. In this study, all explanatory
variables were dichotomized. The assignment of 1 (occurrence) or 0 (non-occurrence)
took into account the predominant factors (highest percentage) revealed by the descrip-
tive statistical analysis of data (for variables urban, driver action, horizontal design,
vertical design, pavement grip conditions, luminosity, and weather) and relevant work
zone factors identified in precedent studies (for variables heavy vehicle (HV) involved,
moto involved, excessive speed, obstacle, vertical signs, safety distance, speed limit, and
intersection) [6–8,10–13].
Results of the descriptive statistical analysis and dichotomous variable code are
presented in Table 3 (see columns % Yes (1) and % No (0)). The meaning of the variables
coded with 1 is presented in the description field of the table.
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2.2. Logistic and Probit Regression
Binary logistic regression is used to predict a dichotomous variable from a set of
explanatory variables that can be nominal, continuous, or a mix of both. The primary
reason why it is used is that the curve to describe the relationship between a set of predictors
and the dependent variable, it not likely to be linear but rather an S-shape [37,38].
Considering that Y denotes an event (Y = 1 and Y = 0 denote the occurrence and
nonoccurrence, respectively) and X a set of predictors {X1, X2, . . . , Xk}, then the occurrence
probability of Y given X can be expressed by expression (1), where {β0, β1, . . . , βk} are the
estimated coefficient of predictors.







Since the dependent variable can only adopt two values (1 and 0), the logit is a link
function used to linearize the dependent variable turning it into a variable with a linear
behavior. Expression (1) can be transformed in a logit form as presented in expression (2).





= β0 + β1X1 + β2X2 + · · ·+ βkXk (2)
In (2) the odds mean the ratio between the probability of a random event (P) and its
complementary event (1− P) or, in this case, the ratio between the probability of occurrence
of a work zone crash due to a set of risk factors and the probability of nonoccurrence of
the same event. A negative coefficient β indicates a negative influence in the event which
reduces its probability of occurrence. On the other hand, a positive coefficient increases the
probability of the event occurrence. In terms of values, a higher and lower value indicates
respectively more or less influence in the occurrence of the event.
Another link function commonly used in models with dichotomous qualitative de-
pendent variables is the normal distribution function, i.e., the probit model [38]. The link













Φ−1(η) = β0 + β1X + ε (4)
In these expressions Φ is the normal distribution function; α is a constant, break-event
point, or threshold which defines the frontier region between the two values of Y; and βX
is the regression vector (βX = β0 + β1X1 + β2X2 + · · · + βkXk). The value of βX is taken
to be the z-value of a normal distribution, where a higher value results in a larger area
defined by the integral, meaning that the event is more likely to occur [37]. The probit
model assumes that Y is the operationalization of a continuous latent variable η where ε
represents the errors.
Comparing both methods, the logit transformation offers a great advantage in terms
of understanding results, since it is easier to interpret the odds ratio than the estimated co-
efficients. For this reason, this transformation is largely adopted by researchers in different
scientific fields. To compare the coefficients from both models the logit coefficients must
be standardized dividing them by the logit standard deviation (π/
√
3). The standardized
logit coefficients are then directly comparable to the probit coefficients and the results of
the two approaches can be compared.
Regarding the sample size, Long (1997) [39] suggests that maximum likelihood estima-
tion including logistic regression must consider at least 100 cases, considers that 500 cases
are generally adequate and that there should be at least 10 cases per predictor. Peduzzi
et al. (1996) [40] refined this 10:1 recommendation, stating that ten times the number of
predictors k should take into account the proportion p of successes (n = 10 k/p). If the
resulting number is less than 100 it should be increased to 100 as suggested by Long (1997).
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In a more recent comparative study of logit and probit link functions for binary regression,
Freitas et al. (2013) [41] recommend the use of the logit function for small-sized samples
(<20) and conclude that for larger samples both functions present similar results.
3. Results
3.1. Modeling Process
During the modeling process, the Maximum Likelihood Estimate was used to estimate
the regression parameters {β0, β1, . . . , βk} that maximizes the likelihood of the observed
outcomes. Once the parameters were estimated, the probability of the event occurrence
can be determined based on Equation (1).
The Wald, Likelihood-Ratio, and Score tests were used to test the significance of
parameters of the overall model. It tests the null hypothesis that all coefficients of predictors
are equal to zero (β0 = 0, β1 = 0, . . . , βk = 0). If significant at a 0.05 level, the null
hypothesis is rejected, meaning that the predictors are influent in the prediction result. The
Wald test was also applied to examine the significance of individual model parameters
(explanatory variables).
Stepwise selection with a fast-backward elimination method was used in the regression
process to remove statistically non-significant variables. The significance level adopted was
0.05 which means a more restrictive model with a smaller number of influent predictors.
A model with too many predictors becomes a saturated model that does not describe the
outcome variable properly.
Once the estimated values of coefficients are obtained, it is necessary to examine
the goodness-of-fit of the model by measuring how well the model fits the observations.
Hosmer–Lemeshow test was adopted to measure the goodness-of-fit. It tests the null
hypothesis that there is no difference between the observed and predicted values of the
response variable. If not significant at a 0.05 level, the null hypothesis cannot be rejected
indicating that the model fits the data well [42].
3.2. Results
Tables 4 and 5 show some examples of the modeling results obtained in this study,
namely for angle crashes and the elderly driver age group.
Table 4. Estimated coefficients and odds for angle crash model.
Number of Observations 1767
Response Profile 1 211
0 1556






Intercept - −4.2082 −2.3201 −2.2831
Urban 1.639 0.4940 0.2724 0.2628
Driver action 2.314 0.8390 0.4626 0.4140
Obstacle 0.296 −1.2166 −0.6707 −0.6120
Vertical signs 3.922 1.3667 0.7535 0.8129
HV involved 2.286 0.8267 0.4558 0.4695
Intersection 4.828 1.5744 0.8680 0.8450
Grip conditions 1.649 0.5000 0.2757 0.2413
Hosmer and Lemeshow Test 0.5065 0.4149
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Table 5. Estimated coefficients and odds for elderly driver involvement.
Number of Observations 2668
Response Profile 1 288
0 2309
Link Function Odds Ratio Logit Logit (standardized) Probit
Parameters
Intercept - −2.9791 −1.6425 −1.6814
HV involved 0.141 −1.9613 −1.0813 −0.8992
Driver action 1.385 0.3260 0.1797 0.1729
Vertical signs 2.029 0.7077 0.3902 0.3886
Grip conditions 1.470 0.3850 0.2123 0.1942
Luminosity 1.641 0.4954 0.2731 0.2549
Hosmer and Lemeshow Test 0.9913 0.9905
In a total of 1767 work zone crashes, 211 occurred by angle crash. Odds ratio (OR)
results show that angle crashes in work zones are almost 5 times (4.828) more likely to
occur inside a road intersection than outside. A clean and dry pavement, the involvement
of heavy vehicles, the disregard for vertical signs, the driving straight action, and the
urban environment are also contributing factors for these crashes (OR > 1). When an
unexpected obstacle is present on the road, the occurrence probability of angle crashes
decreases (OR < 1).
Comparing the estimated coefficients, it is possible to verify that the values are very
close for both link functions, meaning that function choice does not significantly change the
model description nor the predictor influence of the dependent variable occurrence (angle
crashes). The Hosmer–Lemeshow goodness-of-fit test demonstrates a slightly higher value
using the logit procedure, which means that the logit function fits the data more accurately.
Table 5 presents the results of the model estimation for crashes involving elderly aged
drivers. In a total of 2597 drivers involved in 1767 work zone crashes, 288 are elderly aged
(65 years old or older). The model shows that these drivers are more likely to be involved
in work zone crashes when they drive straight under good grip and luminosity conditions
and especially when the disregard for vertical signs is verified. The involvement of heavy
vehicles had a negative impact in crashes involving elderly aged drivers (OR < 1), meaning
that work zone crashes involving older drivers were more likely to occur with the absence
of heavy vehicles. The 11 remaining explanatory variables were not influential in these
crashes. With a higher sample size (288 cases), estimated coefficients by probit and link
functions were once again very close. The goodness-of-fit test also provided very similar
results for both methods indicating a higher fit of the model to the data.
For an overall assessment, a summary of the qualitative impact of predictors in the
probability of crash occurrence for the 11 developed models are presented in Tables 6–8,
where columns indicate the different models and rows denote explanatory variables (pre-
dictors).
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Table 6. Summary of model qualitative findings for crash type.
Crash Type Model Pedestrian Angle Run of Road (Simple) Rear End
Sample Size 223 210 13 211 175 36 232 143 89 190 95 95
Factor Total Urban Rural Total Urban Rural Total Urban Rural Total Urban Rural
Urban ↑ * n.a. n.a. ↑ n.a. n.a. ↓ n.a. n.a. ↓ n.a. n.a.
HV involved - - - ↑ - ↑ ↓ * - ↓ - - -
Moto involved ↓ * ↓ * - - - - ↑ * ↑ * ↑ * ↓ ↓ ↓ *
Driver action ↓ ↓ ↓ ↑ ↑ - - ↑ - ↑ ↑ -
Excessive speed ↓ ↓ - - ↓ - ↓ ↓ - ↑ ** ↑ ** -
Obstacle ↓ ↓ - ↓ * ↓ * - - - - ↓ * ↓ * ↓
Vertical signs - - - ↑ ** ↑ ** ↑ * - ↓ * - - - -
Safety distance ↓ ↓ - - - - - - - ↑ * ↑ * ↑ *
Speed limit - - - - - - - - - - - -
Intersection ↓ ↓ - ↑ * ↑ * ↑ ** ↓ ↓ - - - -
Horizontal design ↑ ** ↑ * - - - - ↓ - - ↑ ↑ ↑ **
Vertical design - - - - - - - - - - - -
Pav. Grip conditions ↑ ↑ - ↑ ↑ - ↓ ↓ - - - -
Luminosity ↑ ↑ ** - - - - - - - ↑ - ↑
Weather - - - - - - ↑ ** ↑ ** - - - -
Hosmer and Lemeshow Test 0.455 0.989 1.000 0.506 0.216 0.145 0.077 0.619 1.000 0.634 0.648 0.949
Stepwise
Number of steps 6 5 13 9 8 12 6 6 12 7 7 10
Cases correctly classified (%) 87.8 84.4 97.2 88.9 87.7 92.8 86.7 89.0 81.0 89.4 92.1 80.8
Classification by chance (%) (a) 77.9 72.9 94.6 79.0 7 6.7 85.8 77.2 80.4 69.2 80.8 86.4 67.7
Notes: This table summarizes the qualitative findings of the study, where “-” means that the factor is not influent in the model; “↑” means that the factor impact is likely to increase the probability of occurrence of
certain work zone crash type, ↑ *and ↑ ** are the two largest impact factors that likely increase the probability; “↓” means that the factor impact is likely to decrease the probability of occurrence; ↓ * is the smaller
impact factors that likely decrease the probability and “n.a.” means that the factor was not considered in the model. (a) Proportional chance criterion.
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Table 7. Summary of model qualitative findings for contributing factors.
Contributing Factors Unexpected Obstacle Excessive Speed Disregard for Vertical Signs Disregard for Safety Distance
Sample Size 209 170 39 163 100 63 74 67 7 67 51 16
Factor Total Urban Rural Total Urban Rural Total Urban Rural Total Urban Rural
Urban ↑ ** n.a. n.a. - n.a. n.a. ↑ n.a. n.a. - n.a. n.a.
HV involved - - - - - - ↑ ** ↑ ** - - - -
Moto involved ↑ * ↑ * - - - - - - - ↓ * ↓ * -
Driver action - - - ↓ * ↓ * ↓ * - - - - - -
Excessive speed n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
Obstacle n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
Vertical signs n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
Safety distance n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
Speed limit - - ↑ * - ↑ * - - - - - -
Intersection ↓ ↓ - - - - ↑ * ↑ * - - - -
Horizontal design - - - ↓ ↓ ↓ - - - ↑ * ↑ ** ↑ *
Vertical design ↓ ↓ - - - - - - - - - -
Pav. Grip conditions ↓ * ↓ * - - - - ↑ ↑ - ↑ ** ↑ * -
Luminosity ↓ ↓ ↓ * ↓ - - - - - - - -
Weather - - - - - - - - - - - -
Hosmer and Lemeshow Test 0.182 0.647 - 0.281 0.387 0.311 0.060 0.547 - 0.488 0.983 1.000
Stepwise
Number of steps 6 5 10 8 8 8 8 7 11 9 7 9
Cases correctly classified (%) 88.2 86.9 91.7 90.8 92.3 86.4 95.8 94.8 98.5 96.2 96.1 96.6
Classification by chance (%) (a) 79.1 77.2 84.8 83.3 85.8 76.7 92.0 90.2 97.1 92.7 92.5 93.4
Notes: This table summarizes the qualitative findings of the study, where “-” means that the factor is not influent in the model; “↑” means that the factor impact is likely to increase the probability of occurrence of
a work zone crash involving a certain contributing factor, ↑ * and ↑ ** are the two largest impact factors that likely increase the probability; “↓” means that the factor impact is likely to decrease the probability of
occurrence; ↓ * is the smaller impact factors that likely decrease the probability and “n.a.” means that the factor was not considered in the model. (a) Proportional chance criterion.
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Table 8. Summary of model qualitative findings for driver age groups.
Driver Age Group Under 25 Years Old Between 25 and 64 Years Old Over 64 Years Old
Sample Size 358 267 91 1951 1372 579 288 197 91
Factor Total Urban Rural Total Urban Rural Total Urban Rural
Urban - n.a. n.a. - n.a. n.a. - n.a. n.a.
HV involved - - - ↑ * ↑ * - ↓ * - -
Moto involved - - - - - - - - -
Driver action - - - ↑ ↑ - ↑ - ↑ **
Excessive speed ↑ * ↑ * - - - - - - -
Obstacle - ↓ - ↑ ** ↑ ** - - - -
Vertical signs - - - - ↓ * ↑ * - ↑ *
Safety distance - - ↑ * - - - - - -
Speed limit - - - - - - - - -
Intersection - - - - ↑ - - - -
Horizontal design - - ↓ * - - - - - -
Vertical design - - - - - - - - -
Pav. Grip conditions ↓ ↓ - - - - ↑ - ↑
Luminosity ↓ * ↓ * - ↑ ↑ - ↑ ** ↑ * ↑
Weather - - - - - - - - -
Hosmer and Lemeshow Test 0.752 0.189 0.899 0.807 0.828 1.000 0.991 1.000 0.795
Stepwise
Number of steps 12 9 12 12 9 13 11 12 10
Cases correctly classified (%) 86.6 85.9 88.2 73.1 72.4 75.4 89.5 89.6 88.5
Classification by chance (%) (a) 76.8 75.8 79.2 60.7 60.0 62.5 80.7 81.4 79.2
Notes: This table summarizes the qualitative findings of the study, where “-” means that the factor is not influent in the model; “↑” means that the factor impact is likely to increase the probability of occurrence of
a work zone crash involving a certain driver age group, ↑ *and ↑ ** are the two largest impact factors that likely increase the probability; “↓” means that the factor impact is likely to decrease the probability of
occurrence; ↓ * is the smaller impact factors that likely decrease the probability and “n.a.” means that the factor was not considered in the model. (a) Proportional chance criterion.
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As no information about vehicle-kilometers traveled through the work zones or work
zone layout (geometry) was available, models for the rural and urban road environment
were developed in addition to the models obtained for the total number of crashes and
drivers involved, to indirectly consider the exposure to crash. Work zone crashes in an
urban environment where the most common in the database considered (73.5% of crashes).
4. Discussion
An overall interpretation of model results is presented to provide a more compre-
hensive understanding of the major causal factors involved in Portuguese work zone
crashes.
(a) Crash type results analysis
As some types of crashes are more common in a given road environment, urban and
rural models have provided more reliable information on risk factors involved in each type
of crash. The analysis revealed, as expected, that work zone crashes involving pedestrians
occur essentially in urban areas and involve mainly passenger car vehicles (less likely to
involve motorized or heavy vehicles). The set of significant factors identified (see Table 6)
points to the need to improve work zones conditions for pedestrians and workers on foot.
With regard to angle crashes, they are common in urban areas, especially in or near road
intersections. As the disregard of vertical signs is a risk factor that increases the probability
of angle crash occurrence, the results point to the need to reinforce signaling and speed
control near intersections. In rural areas, special care with heavy vehicles approach to
intersections must be also considered. In simple run-of-road crashes, motorcycles have
been identified as a risk factor in both urban and rural work zones (see Table 6). Measures
to control speed (although not identified by the analysis as a risk factor) and awareness
and training of motorcycle drivers can be pointed out as mitigating measures that can
be implemented. Rear-end accidents occurred both in rural and urban areas. The main
risk factors identified, excessive speed and disregard for the safety distance, point to the
need for measures to control speed and safety distance between vehicles, especially in
rural work zones. It is important to note that for some models, according to [39,40], the
sample size used in the analysis was small so results must be read carefully (e.g., pedestrian
and angle crashes in the rural environment). Still, the adjustment of models is acceptable
and, although the percentage of cases correctly classified (predictive accuracy of models)
is higher than the random classification (between 2.6% and 13.1%), it is not at least 25%
higher, as recommended in the literature [38].
(b) Contributing factor result analysis
The results obtained for the unexpected obstacle models showed that the involve-
ment of motorcycles and lack of grip and lighting conditions in work zones are the most
significant risk factors (see Table 7). Only luminosity was found to be significant in rural
work zone crashes, however, the sample size used to build the model is small [39,40].
Although results for luminosity factor must be carefully considered and grip condition was
not identified for rural areas, in view of the 3 models results (total, urban, and rural), it is
possible to point out the need to improve work zone light and grip conditions. With regard
to excessive speed, better speed management measures must be considered, especially
in work zones with winding horizontal road design and a rural environment. The main
risk factors identified were driver action (running straight), speed limit, and horizontal
design (Table 7). Crashes involving disregard for vertical signs occurred essentially in
urban areas, with heavy vehicle involvement and at intersections (risk factors). Once again
and in line with the results obtained for crash type, these results point to the need for a
careful treatment of intersections, especially with regard to the signaling of these areas.
Finally, disregard for safety distance models revealed as main risk factors the involvement
of passenger car vehicles (less likely to involve motorized or heavy vehicles) running in
horizontal straight work zone sections and good pavement grip conditions (see Table 7),
pointing to the need of speed and distance management measures reinforcement. Most
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of the rural environment models were developed from small samples, which limits the
model’s adjustment to data (goodness-of-fit), case classification, and interpretation of re-
sults. To overcome these aspects, the use of a longer period of analysis should be considered
(more than 3 years). For the remaining models fit is acceptable (no significant differences
between actual and predicted values) and the percentage of cases correctly classified is
higher than the random classification (between 1.4% and 9.7%).
(c) Driver age groups results analysis
Portuguese official information on drivers involved in crashes does not allow to
identify which driver caused the accident. This aspect greatly limits the analysis, since the
data used to build the age group models includes all drivers involved in the crash. Despite
this limitation, from the results obtained it is possible to verify that the age group under
25 years old presents as main risk factors excessive speed and poor lighting conditions (see
Table 8), factors already identified in previous models. The main risk factors identified for
the 25 to 64 years old age group are the involvement of heavy vehicles and obstacles in the
pavement. For drivers over 64 years old, disregard for vertical signs was the most relevant
risk factor, especially in rural areas (Table 8). Actions to raise awareness and respect for
speed limits, as well as adequate work zone lighting are measures to be considered to
mitigate the identified young driver's risk factors. Convenient delimitation and signaling of
work zones and work equipment are measures to be considered to overcome the risk factors
identified for 25 to 64 and over 64 years old age groups. Regarding the stepwise process,
the number of steps to reach the final models was in general higher than the ones obtained
in the type of crash and contributing factor models. However, model goodness-of-fit test
results were good and the cases correctly classified are superior to the random classification
by 8.2 to 12.9%.
5. Conclusions
The current study aimed to analyze the data registered in Portuguese police crash
reports, which include part of the information presented in Table 1, to assess the possibility
of detecting risk factors involved in Portuguese road work zones crashes.
Since the occurrence of a crash is a binary response and it can be described by a set
of explanatory variables, binary logistic and probit regressions were considered suitable
statistical methods for the study of the available work zone crash data. The application
of these methods requires special attention to the model building since some decisions
will depend entirely on the expertise of the road safety researcher and may influence the
final results. These decisions were carefully taken over the work zone model construction
(model selection method, significance level, and goodness-of-fit test).
Despite the data limitations identified, binary logistic and probit regression analysis
applied to the 2013–2015 Portuguese official crash data allowed to predict the occurrence
of work zone crashes for most of the situations considered and to identify significant risk
factors by type of crash, main contributing factor, and driver age group. The limitations
identified, such as the number of reports with no clear information on the occurrence of
the crash in a work zone (22.1% of crashes), other report fields filling failures, and the
lack of information related to the number, length, duration, layout, operation, and type of
work or traffic flow, points to the need for a more complete and clear information record to
allow a more representative and reliable perception of all the risk factors involved and the
evolution to more sophisticated statistical approaches.
To overcome some of these limitations, the authors decided to perform the analysis
for the total number of work zone crashes and by road environment (urban and rural).
Analysis by road environment allowed to indirectly consider some of the aspects not
registered in the police reports, such as the work zone layout, traffic characteristics, and
the most common roadworks, normally specific of each road environment.
Concerning the comparison between logit and probit link functions, the estimated
coefficients by both approaches were very similar. Only the vertical signs and safety
distance models presented a slight difference which may be related to the small sample
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size available to develop the models (<100 cases). It is anticipated that the use of a long
period in future analyzes (more than 3 years) and an adequate and complete crash report
filling will result in larger samples and estimation of very similar coefficients for the two
approaches.
Most of the risk factors identified in the 2013–2015 Portuguese work zone crash data
modeling (by type of crash, contributing factor, and age group), for the urban and rural
environment, are in line with previous research findings [6,8,10–13].
In summary, results support the need to improve:
(a) Work zone signaling and traffic speed control in the approach and throughout work
zones, in Portuguese rural roads.
(b) Work zone signaling, lighting, and delimitation; traffic speed control; special treatment
of road intersections; and specific measures targeted at motorcycles and heavy vehicle
drivers, inside Portuguese urban areas.
Finally, while police crash reports are not revised to incorporate more detailed work
zone crash information and until the promotion of proper filling of reports begins to take
effect, changes in risk factors that are currently possible to identify and their influence on
the occurrence of work zone crashes, can be detected by analyzing time series of crash
records over time. The identification of these changes can be used to assess the efficacy of
measures adopted to minimize the occurrence of work zone crashes and to support the
definition of new measures, analysis approaches, and work zone layout design.
Author Contributions: Conceptualization, B.S. and L.P.-S.; methodology, B.S., V.T., C.P. and L.P.-S.;
validation, B.S. and V.T.; formal analysis, B.S. and V.T.; writing—original draft preparation, B.S. and
V.T.; writing—review and editing, B.S. All authors have read and agreed to the published version of
the manuscript.
Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Restrictions apply to the availability of data. Data was obtained from
Portuguese Road Safety Authority (ANSR—Autoridade Nacional de Segurança Rodoviária) and are
available from the corresponding author if authorized by ANSR.
Acknowledgments: The authors acknowledge the Portuguese Road Safety Authority (ANSR—
Autoridade Nacional de Segurança Rodoviária) for providing data and assistance, CERIS—Civil
Engineering Research and Innovation for Sustainability (ECI/04625), and the University of Beira
Interior for support and funding.
Conflicts of Interest: The authors declare no conflict of interest.
References
1. Ullman, G.L.; Ullman, B.R.; Finley, M.D. Analysis of Crashes at Active Night Work Zones. In Proceedings of the TRB 85th Annual
Meeting, Washington, DC, USA, 22–26 January 2006. Transportation Research Board.
2. Meng, Q.; Weng, J.; Qu, X.-B. A probabilistic quantitative risk assessment model for the long-term work zone crashes. Accid. Anal.
Prev. 2010, 42, 1866–1877. [CrossRef] [PubMed]
3. Silverstein, C.; Schorr, J.; Hamdar, S.H. Work zones versus nonwork zones: Risk factors leading to rear-end and sideswipe
collisions. J. Transp. Saf. Secur. 2015, 8, 310–326. [CrossRef]
4. La Torre, F.; Domenichini, L.; Nocentini, A. Effects of stationary work zones on motorway crashes. Saf. Sci. 2017, 92, 148–159.
[CrossRef]
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